Colloid stability is of high importance in a multitude of fields ranging from food science to biotechnology. There is strong interest in studying the stability of small particles (of a size of a few nanometres) with complex surface structures, that make them resemble the complexity of proteins and other natural biomolecules, in the presence of oppositely charged nanoparticles. While for nanoparticles with homogeneously charged surfaces an abrupt precipitation has been observed at the neutrality of charges, data are missing about the stability of nanoparticles when they have more complex surface structures, like the presence of hydrophobic patches. To study the role of these hydrophobic patches in the stability of nanoparticles a series of negatively charged nanoparticles has been synthesized with different ratios of hydrophobic content and with control on the structural distribution of the hydrophobic moiety, and then titrated with positively charged nanoparticles. For nanoparticles with patchy nanodomains, the influence of hydrophobic content was observed together with the influence of the size of the nanoparticles. By contrast, for nanoparticles with a uniform distribution of hydrophobic ligands, size changes and hydrophobic content did not play any role in co-precipitation behaviour. A comparison of these two sets of nanoparticles suggests that nanodomains present at the surfaces of nanoparticles are playing an important role in stability against co-precipitation.
Introduction
The study of colloids has strong implications in many aspects of our daily life, from paints and inks to biological fluids and food. In food, colloids are present almost everywhere, in products ranging from milk and wine to a plethora of preparations in modern cuisine such as emulsions, foams, creams, etc [1] .
The characteristics of a specific kind of food not only depend on its organoleptic properties but also on the colloid's characteristics such as the size of the dispersed phase or the colloidal stability. Apart from daily-life products, the study of colloids has strong implications in many technological fields such as electronics [2] , photonics [3] , medicine [4] , analytics [5] , and almost all nanotechnological fields [6] . The stability of colloids is perhaps the most important property as it depends on how particles interact with one another and how they form agglomerates or aggregates or how they coalesce on bigger particles. Derjaguin, Landau, Verwey and Overbeek (DLVO) created in the middle of the last century a formalism that explains the aggregation of aqueous dispersions as the balance between Van der Waals and electrostatic forces [7] . Since then, new improvements have appeared that include additional forces or that better describe how ions in solution interact with the surface of the particles changing their stability [8] .
A promising method to study the properties of nanometre-sized colloids is one based on the study of the interaction between particles of opposite charges. This interaction highly depends on the size regime of the dispersed particles. Oppositely charged complexing ions are stable in solutions until they reach a certain entire number n in the ratio [ [9] [10] [11] [12] . It hasn't been until recently that the mechanism of precipitation of mixtures of oppositely charged colloids with diameter sizes going from a few to tens of nanometres has been elucidated. This process is explained as a balance between several factors, first and most importantly, the high surface-to-volume ratio of nanoparticles that allows an extremely high concentration of charges in low volumes (this kind of nanoparticles is also called 'nano-ions'). This high concentration of charges allows therefore a high electrostatic and a low Van der Waals interaction. Secondly, the geometry of the nanoparticle system plays an important role as it allows having several particles of one charge surrounding a nanoparticle of the opposite charge while maintaining the distance between nanoparticles of the same charge to be high enough to decrease nanoparticle repulsion thanks to the shielding effect of the counter ions in solution. The equal size of spherical oppositely charged nanoparticles in co-precipitation and the repulsion between nanoparticles of the same charge cause the formation of suprastructures that are not common for spherical nanoparticles like the case of a diamond-like crystalline suprastructure [10, 13] . Apart from spherical nanoparticles, the co-precipitation of oppositely charged nanoparticles has also been observed for nanorods [14] and for spherical nanoparticles with different polydispersities [10] . Most of these studies have mainly focused on metallic nanoparticles covered by 11-mercaptoundecanoic acid (MUA) for the case of negatively charged nanoparticles, and N,N,N-trimethyl(11-mercaptoundecyl)ammonium (TMA) for the case of positive charges. Very little is known about the co-precipitation behaviour of nanoparticles with differently charged ligands and of nanoparticles covered by a mixture of ligand molecules. To the best of our knowledge there is only one experiment on nanoparticles covered by a mixture of different ligands in which a mixture of MUA and the hydrophilic ligand 11-mercaptoundecanol (MUO) was covering the surface of the nanoparticles [11] . The co-precipitation behaviour of these nanoparticles showed the expected result of precipitation at the composition where the charges on both particles were of the same number. Data are missing on the co-precipitation behaviour of charged nanoparticles covered by a mixture of ligands that form nanostructure-like patches (hydrophilic-hydrophobic) on the surfaces of the nanoparticles.
Self-assembled monolayers composed of two dislike thiolated molecules on the surface of metallic nanoparticles tend to arrange in small narrow nanodomains, also called patches or stripes, around 1 nm in thickness [15, 16] . Different techniques have shown their existence, including high-resolution scanning tunnelling microscopy (STM) [17] , NMR [18] , mass spectrometry [19] and neutron scattering [20] . The formation of narrow nanodomains is believed to be due to an entropic contribution arising from the mixing of ligand molecules of different lengths and bulkiness at the nanoparticle surfaces. When long ligands are surrounded by short ones, there is an increase in the available space of the long ligands, and hence, an increase in entropy that overcomes the enthalpic effect of approaching ligands of different nature [21] . The presence of small hydrophobic domains can change the way in which these nanoparticles interact with their environment as it is in the case of proteins characterized by the presence of nanodomains. Nanoparticles covered with charged moieties of sulfonic acid and hydrophobic nanodomains have shown, for example, a cell-membrane-penetrating behaviour, crossing the membrane like cell-penetrating peptides [22] . On the other hand this penetration is inhibited when the hydrophobic ligands are subsisted by bulkier molecules that inhibit the formation of nanodomains giving rise to a random distribution of ligands [22] . It has also been observed that the nanodomain formation changes the interfacial energy between the nanoparticles and the surrounding solvent. Kuna et al [23] showed that with nanoparticles covered by two ligands, one hydrophobic and one non-charged hydrophilic, the interfacial energy not only depends on the chemical composition but there is also a structural component of the interfacial energy that can be up to 30% of the total interfacial energy. This extra component in the interfacial energy is produced by the presence of small domains that are commensurate with a few water molecules. This leads to two opposite effects: water molecules that are trapped in hydrophilic domains decrease their entropy due to the reduced space and make solvation less favourable (confinement effect) [24] , whilst the decrease in water density close to the hydrophobic surface is affected by the lateral hydrophilic domains and it has the effect of increasing solvation and decreasing the interfacial energy (cavitation effect). Changing the ratio between the two ligands on the nanoparticles produces a change in the domain size and shape producing a nonmonotonic behaviour of the change of interfacial energy with the ligand ratio of the nanoparticles.
In this work, we have tried to investigate the contribution of nanoparticles' hydrophobic nanodomains in the interaction with oppositely charged nanoparticles and, hence, the stability of the colloidal solution by comparing two different systems. In co-precipitation several simultaneous effects are expected, including the decrease of charges due to the substitution of charged ligands by hydrophobic ligands and therefore the decrease of Coulombic attraction, the decrease of stability due to the increase of hydrophobicity, and the effect of nanodomains on the surface of the nanoparticles that changes the way the nanoparticle surfaces are hydrated. As a way to characterize the influence of the nanodomains, two sets of gold nanoparticles were synthesized. The first set is composed of negatively charged gold nanoparticles with hydrophobic nanodomains, synthesized using MUA and 1-octanethiol (OT) as charged and hydrophobic ligands respectively at different ratio compositions. These nanoparticles have shown narrow nanodomains on STM experiments with a low percentage of Janus nanoparticles [25] . The second set is composed of gold nanoparticles covered with negatively charged and hydrophobic ligands, synthesized with MUA and 3,7-dimethyloctane-1-thiol (branched OT or brOT) ligands. The brOT ligands, as it has been shown earlier, should inhibit the crystallization and nanodomain formation on the surface of the nanoparticles, giving rise to a random distribution of ligands [22] . Changing the ratio of MUA : OT ligands would produce changes in the nanodomain areas on the nanoparticle surface. Changes in the ligand arrangements could alternatively be obtained by changing the length mismatch of the ligands. However, there are no STM data about nanodomain characteristics for other length mismatches.
Titrations were performed with the addition of aliquots of a solution of TMA nanoparticles to a solution of MUA : OT and MUA : brOT nanoparticles at different ligand ratios and the experiment was monitored by UV-vis spectrometry. The different sets of nanoparticles were characterized by transmission electron microscopy (TEM), thermogravimetric analysis (TGA) and 1 H nuclear magnetic resonance (NMR). From those results the ratio of positive charges over the total charges at which co-precipitation took place was represented as a function of the hydrophobic ligand ratio present on the nanoparticles. Additionally pH titration experiments were performed on the mixed-ligand nanoparticles to guarantee the fully charged state of the nanoparticles during the co-precipitation experiments. These measurements also allowed the evaluation of the influence on the pKa of the hydrophobic nanodomains in the proximity of carboxylic acids as well as the increase of the separation between carboxyl species. (11-mercaptoundecyl) ammonium chloride was purchased at Prochima Surfaces Sp. (Poland). 1-Octanethiol, 11-mercaptoundecanoic acid and the rest of the reagents were provided by Sigma-Aldrich. 3,7-Dimethyloctane-1-thiol was synthesized as described previously [22] .
Experimental

Materials
N,N,N-trimethyl
Synthesis of nanoparticles
Gold nanoparticles covered by different alkane thiols were synthesized using a modification of the method described by Zheng et al [26, 27] . Basically, 0.25 mmol chloro(triphenylphosphine) gold was dissolved in 20 ml of toluene : methanol 1 : 1 (v/v) and 0.25 mmol of ligands at different ligand ratios were added and mixed for 10 min. After that 2.5 mmol of a morpholine-borane complex dissolved in 20 ml of toluene : methanol 1 : 1 (v/v) was added to reduce the gold salt. Once added, the solution was put immediately to reflux at 95 °C and left to react for one hour under strong stirring. The sample was precipitated with toluene and purification was made in at least five cycles of centrifugation with acetone. The nanoparticles were dried under vacuum for at least 24 h.
Nanoparticle characterization
TEM: TEM images were taken in a Philips/FEI CM12 operating at 120 kV and analysed by ImageJ software [28] . Between 1000 and 3000 nanoparticles from at least three images were measured using the standard threshold method. Diameters and standard deviations were obtained assuming spherical geometry. The TEM core sizes are shown in table 1.
TGA: A PerkinElmer TGA400 set-up was used for thermogravimetric analysis. Nanoparticles were placed in a crucible and heated from 35 to 850 °C at 10 °C min −1 . Mass ratios between the gold and ligands were established by comparing the initial mass to the final mass corresponding to the nanoparticle cores. The mass ratios are shown in to the carboxyl with the CH 3 terminal groups of the aliphatic ligands. The final nanoparticle composition can be observed in table 1 for MUA : OT and MUA : brOT respectively. UV-VIS: UV-vis spectra were recorded on a QE65000 scientific-grade spectrometer in the range 200-900 nm in an optical cell. A cuvette with a solution with negatively charged nanoparticles was kept under stirring and the spectra were recorded after 5 min of every addition of the solution with oppositely charged nanoparticles at the same concentration.
pH titration: several nanoparticles at different ligand ratios were titrated to evaluate the influence of the ligand ratio on the pKa. The pH titration was performed with a modification of previously described methods [29, 30] . A solution of 5 mg of nanoparticles in 12 ml of water and 240 μl of 50mM tetramethylammonium hydroxide (TMAOH) was prepared and left stirring for 5 min to ensure a good dispersion of the nanoparticles. Then 200 μl of 50mM HCl was added to the solution to start the titration from a higher pH value, and water was added to reach 15 ml. The titration was performed with 5 ml of the mother solution freshly prepared, adding 3 ml of water and 0.8 ml of 1M of tetramethylammonium chloride (TMACl) to fix the ionic strength, and then titrated with 80 μl aliquots of 2mM HCl. From the titration curves obtained, we assessed the apparent pKa using the derivate of the curves. The apparent pKa was defined as the pH at which the derivative reaches a local maximum.
Titration experiments
An initial solution of positively charged TMA nanoparticles and negatively charged nanoparticles of MUA, MUA-OT and MUA-brOT was prepared at the same concentration (4mM in terms of gold atoms) and then diluted to 0.5 mM to perform the experiment. The concentration was further controlled using UV-vis absorbance versus the concentration calibration curve previously measured. The pH was initially adjusted to ~12 adding a small amount of 0.2M N(CH 3 ) 4 OH. Aliquots of TMA nanoparticle solutions were added in a step-wise manner to the titrated solution containing negatively charged nanoparticles. In each step, the mixtures were magnetically stirred for 5 min before measuring the solution with a UV-vis spectrophotometer.
In order to evaluate the titration in terms of the ratio of the charges the χ parameter was calculated from the initial mass of the nanoparticles used to prepare the titration solutions and by using the NMR and TGA measurements of those nanoparticles. The χ parameter is defined as the ratio between the number of positive charges and the overall number of charges at a certain titration step. Assuming that the amount of charges in the core is negligible with respect to the charges coming from the ligands, we can calculate χ as: 
where f MUA is the molar fraction of the MUA molecules in the MUA-(br)OT nanoparticles calculated by 1 where MW TMA is the molar weight of TMA.
Results and discussion
In this work, we have studied the stability of metallic nanoparticles covered by MUA and OT (linear and branched) in different ratios in an experiment of co-precipitation with oppositely charged nanoparticles. Different thiolated Au nanoparticles were synthesized with different ligand ratios, keeping a relatively low size polydispersity (always below 20%) and diameters ranging between 4 and 6 nm. The precipitation point of the nanoparticles covered by different binary mixtures of ligands induced by the addition of charged nanoparticles covered by TMA was obtained using UV-vis measurements. Figure 1(a) shows an example of the titration experiments-a MUA : OT 4 : 1 nanoparticle solution titrated by TMA nanoparticles. During the initial part of the titration no big changes are reflected either in the spectrum shape or on absorbance at the maximum of the SPR. However after a certain value, the solution rapidly aggregates and precipitates producing a sharp decrease in the solution absorbance ( figure 1(b) ). We have selected the middle point of the precipitation after a fitting to a sigmoidal shape to characterize the data in a more operator-independent way and the measurements were repeated three times to evaluate the accuracy of the results. Previous reports showed that oppositely charged nanoparticles precipitate when their charges are compensated and that the precipitation point could be determined with an error below 3% between different experiments [9] . We decided to use coprecipitation to examine the influence of hydrophobic patches on the interfacial properties of these nanoparticles. For that, different titration experiments were performed on nanoparticles covered with negatively charged and hydrophobic ligands at different ratios and therefore different nanodomains in terms of number and probably size. A complete characterization of the nanoparticles using TEM, NMR (before and after etching of the gold core) and TGA was performed allowing us to precisely evaluate the balance of charges required to induce the precipitation of the solution as a function of the amphiphilicity of our nanoparticles. This information plays a crucial role as the amount of hydrophobic ligands determines the charge density on the shell and the nanodomains' characteristics. Figure 2 shows the results obtained from the co-precipitation experiment for MUA : OT and MUA : brOT. The value of χ for the MUA nanoparticles (i.e. for Ξ(OT) = 0) is slightly lower than the one obtained by Kalsin et al [9] , i.e. it doesn't correspond exactly with the neutrality of charges but it indicates that for homoligand nanoparticles the precipitation point of the titration takes place with a lower addition of positive charges (χ ~ 0.45). This subtle difference could be attributed to the different method used to determine the precipitation point. Furthermore, we adopt a quantification method based on TGA that is different from the one reported by Kalsin et al [9] where a fixed density of the ligands was assumed at the surface of the nanoparticles.
For the MUA : OT series the addition of hydrophobic ligands strongly influences the precipitation point with a shift towards higher values. At a 0.1 molar fraction of OT we observe a significant increase of almost 0.1 units of χ. Interestingly for a further increase of the hydrophobic content, no significative increase is observed. The trend doesn't correspond to a linear increase of χ up to a hydrophobic content of 0.3. At 0.35 we observe an abrupt change in χ, followed by a decrease in the following point that causes a non-monotonic behaviour of χ versus Ξ(OT). After this point the experiment cannot be performed anymore as the hydrophobic content makes the nanoparticles insoluble in water.
Size changes between the different MUA : OT series could play a role in the co-precipitation behaviour as the changes in χ could also be related to the changes in sizes of the nanoparticles. However, as shown in figure 2 , the differences in nanoparticle size distribution within the MUA : OT series and with the TMA nanoparticles are very small (less than half a nanometre apart). In a previous report Kowalczyk et al demonstrated that the co-precipitation of nanoparticles with an overlap of the size distribution of the two nanoparticle systems leads to the formation of diamond-like crystals [31] . The MUA : OT series presented in this work can probably be included in this category as the size distributions of the nanoparticles are less than half a nanometre apart. Further deductions from a comparison with the results presented in reference [31] are difficult as in this last case the aggregates were formed under a slow crystallization process in a DMSO/ water mixture instead of a titration procedure.
A strong suggestion on the role of nanodomains in influencing the co-precipitation behaviour of nanoparticles comes from a comparison with the MUA : brOT nanoparticles. The MUA : brOT χ values show a flat trend with similar values to the co-precipitation point of homoligand nanoparticles and only a slight uprising at a 0.3 molar fraction. It is clear that nanoparticle size changes in the case of MUA : brOT don't play a role in varying the co-precipitation point.
A comparison between these two systems (MUA : OT and MUA : brOT) strongly points to a role in the co-precipitation of the nanostructuring present on the interface of the MUA : OT system. As determined in the literature, the branching of hydrophobic ligands strongly disfavours the formation of nanodomains and promotes a random distribution of hydrophobic ligands instead of the formation of patches on the surface. As our data show, the addition of hydrophobic ligands doesn't change the ratio of charges at which precipitation takes place unless they are organized in hydrophobic patches.
Therefore this indicates that the co-precipitation behaviour of MUA : OT is related to the presence of hydrophobic ligands distributed in differently shaped nanodomains. This nanostructuring plays a role in changing the interfacial properties of the nanoparticles. The hydrophobic content on the surface changes the point at which the nanoparticles precipitate. χ represents the amount of charges and not of nanoparticles; therefore the increase in χ for MUA : OT suggests that it is necessary to introduce more positive charges to precipitate the system. A further increase of the hydrophobic content up to a 0.3 OT fraction does not change χ. The last change at high values of hydrophobic content could be related to an increase in the instability of the nanoparticles as we approach the unstable ratio at which the nanoparticles are insoluble.
Another important player in the co-precipitation experiment is the pH at which the experiment is performed. In order to calculate the ratio of charges from the ligand concentration measured by TGA and NMR, MUA ligands should all be in a charged state. The carboxyl group of MUA can have two different states, as carboxyl at low pH or as carboxylate (negatively charged) at high pH. To ensure that the titrations were performed with the MUA in the carboxylate state, it is necessary that the pH is several units above the pKa. For this reason, we have determined the apparent pKa of the MUA : OT and MUA : brOT nanoparticles using a modified protocol from the ones present in the literature (see supporting info, SI) [29, 30] .
We find that the value of pKa for MUA nanoparticles with a diameter of 4-5 nm is equal to 6.3, which is consistent with the one reported in the literature by Wang et al (pKa = 6.5 for a diameter of 4.6 nm [29] ) and much higher than the one of free MUA ligands (pKa ~ 5). When introducing OT or brOT ligands to the shell, we observed that the presence of these hydrophobic ligands with a percentage of up to almost 40% of the total ligands had no significative effect on the apparent pKa ( figure 3 ). This value is quite below the experimental pH used in the titration experiment (~12) ensuring a totally deprotonated MUA.
The presence of hydrophobic ligands should in principle increase the spacing between the different ligands and hence the degree of ionization. This could produce a shift of the pKa to lower values in a similar way to the one observed by Wang et al with a decrease of pKa with an increase in the curvature of the nanoparticles (smaller sizes). The constant value of the apparent pKa that we observe in our results agrees more with the results observed by Charron et al where no significative change was observed with the change of nanoparticle curvature [30] . In our case the constant pKa could also be explained considering the length of the hydrophobic moiety and its structural arrangement on the surface of the nanoparticles. OT and brOT are shorter than MUA ligands and they lie below the charged headgroups. The presence of nanodomains, for the case of OT, of different sizes and shapes could also play an important role. These nanodomains dictate the amount of interfaces between charged and hydrophobic moieties. In our case these two contributions play a combined role in minimizing or canceling the contribution due to the presence of the hydrophobic moiety.
Conclusions
We have reported new results that show the influence of hydrophobic moiety and nanostructuring on the stability of charged nanoparticles by a co-precipitation experiment using oppositely charged nanoparticles. We studied a series of negatively charged nanoparticles containing an increasing amount of hydrophobic ligands by titrating them with oppositely (positively) charged nanoparticles. When hydrophobic ligands that tend to form a random distribution are used, no significative effect is observed in the precipitation point expressed as the charge ratio. Nanoparticle size changes also don't play a role in shifting the co-precipitation point. For ligands that tend to form patches a huge increase of the precipitation parameter and dependence on nanoparticle size changes are observed. A comparison between the two series of nanoparticles suggests the role played by hydrophobic nanostructuring in the colloidal stability of charged nanoparticles.
The effect of changing the properties of stability of nanoparticles is similar to the one observed on the interfacial energies of patchy nanoparticles. We believe that this phenomenon can have strong implications in the design of colloidal systems with the desired solvation properties and stability in solution. However more experiments are needed to fully elucidate the influence of nanostructuring on the interfacial properties of nanoparticles.
